SUMMARY Fifteen necropsy specimens of human descending aorta and from eight patients with atheromatous vascular disease were studied by magnetic resonance imaging at 0 5 T. Images were acquired in coronal and transverse planes to localised protruding lesions and then chemical shift imaging was performed by techniques described by Dixon and by Hinks. These techniques produce images in which signal strength is proportional to lipid content. The signal was expressed as a percentage ofthat from extravascular fat. The total lipid content and its distribution within the plaques were noted. After imaging, the postmortem specimens were examined histologically and the lipid content of the plaque was assessed on a semiquantitative scale. The distribution of lipid within the plaque and between intima and media was also noted. The findings of chemical shift imaging agreed well with histological examination both for total lipid content and for distribution within each plaque. Chemical shift imaging also provided an assessment of the lipid content of the plaques measured in living patients, but validation was more difficult. The usefulness of the technique in routine clinical practice remains to be established.
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Atherosclerotic arterial disease is the commonest cause of death and disability in Europe and North America. Its pathogenesis is controversial'2 but various lesions affect the arterial wall-from nonprotruding fatty streaks to more complex lesions consisting of lipid, smooth muscle, and fibroblasts, which are occasionally calcified. A widely applicable technique for the detection and classification of atheroma will provide not only a method of detecting and monitoring the disease at an early stage, but also a method studying its development and response to intervention. Conventional Mohiaddin, Firmin, Underwood, Abdulla, Klipstein, Rees, Longmore and 128 for the clinical study. Electrocardiographically gated imaging was used to acquire end diastolic images. The slice thickness was between 5 mm and 10 mm and the field of view was between 15 cm and 25 cm as appropriate. The typical pixel dimensions of the images of the aortic specimens were 0.6 mm x 0-6 mm and of the clinical images 1.2mm x 1-2mm.
For the Dixon technique9 of chemical shift imaging two images were acquired, the first with a conventional spin echo sequence with an echo time of 40 ms, and the second with a modification of the sequence where the 180°pulse was applied 3-5 ms early (16.5 ms after the 900 pulse) but the echo time remained at 40 ms (fig 1) . The first sequence gives an "in phase" image, because the protons of fat and water precess with the same phase at the time of the echo and the signal is the sum of that from fat and water. The second sequence gives an "out of phase" image because the phases offat and water protons are diametrically opposed at the time of data collection.
The signal is seen in pixels containing a high percentage of water or fat, but if there is an equal amount ofeach, the opposing phases lead to cancellation of signal. Subtraction of the two images gives a map of the pixels containing a mixture of fat and water while pure fat and pure water give no signal.
In the Hinks technique,'0 a modified spin echo sequence is used and a narrow bandwidth 90°r adiofrequency pulse is applied in the presence of a slice selection gradient. Since the resonant frequencies of water and fat differ, those from the excited slice of water and of fat are offset from each other in space. The offset as a fraction of slice thickness is equal to the chemical shift divided by the pulse bandwidth, and if the pulse bandwidth is less than the chemical shift the two slices do not overlap. The 1800 radiofrequency pulse is applied in the presence of an opposite slice selection gradient, so that the slices of water and fat experiencing this pulse are offset in the opposite direction. The position of the slices can be adjusted so that only fat or only water . Lipid deposition within the plaques was not uniform. Figure 4 shows a plaque with mainly intimal lipid. This was shown by the magnetic resonance images and confirmed histologically. Figure 5 shows a lipid deficient plaque. There is very low signal in the subtraction image within the plaque, and the histological grading was 0. Figure 6 shows an oblique section perpendicular to the descending abdominal aorta in a 60 year old man with peripheral vascular disease. The circular lumen is distorted by thickening of the wall corresponding to an atheromatous plaque. The subtraction image shows a low signal within the plaque indicating a low lipid content. End diastolic images were found to be more useful than systolic images for definition of the vessel wall, because at this phase of the cardiac cycle blood is moving relatively slowly and gives high signal and good contrast with the wall. Figure 8 shows an example ofthe Hinks method of chemical shift imaging. A postmortem aortic specimen with atheromatous lesions was scanned together with a phantom of oil and water. The technique produces true fat and true water images, in contrast with the Dixon technique which produces high signal from mixtures of fat and water. This is apparent from the phantom. In the specimen, a high signal is seen in the extravascular fat in the fat image but almost no signal from lipid within the vessel wall.
Discussion
We showed that it is possible to use the chemical shift between protons in lipid and in water to acquire magnetic resonance images in which signal strength depends upon lipid content. Theory predicts that, with the use of the Dixon technique, a maximum signal will be obtained in the subtraction image from an equal mixture of lipid and water, and that low signal will be obtained from pure water and from pure fat. The theory is complex, however, and it is difficult to predict the exact shape of the curve because the signal strength is strongly dependent upon the imaging variables and upon the relaxation times ofwater, fat, and their mixtures. Nevertheless, we showed a maximum signal from an equal mixture of oil and water, and we were able to use the signal strength from extravascular fat as a standard. An unexpected finding was that extravascular fat gave a high signal, implying that there was a mixture of fat and water in "pure" fat. This may be explained by the presence of connective tissue and other non-lipid cellular components. 18%," but it is reasonable to equate an increasing signal with increasing lipid content.
The shape and composition of arterial segments containing atheroma are of considerable importance. Plaques ofdifferent shape (concentric or eccentric for example) have different effects on the arterial wall in terms of their potential for thrombosis and arterial spasm.'2 The lipid content may also affect the propensity for fissuring, ulceration, and thrombosis. " Other properties of atheroma that may be affected by the lipid content are the short term and long term outcome of angioplasty and the potential for regression. Although little is known of these areas it is possible that there is a link between the composition of atheroma and its susceptibility to mechanical or chemical intervention. There is certainly evidence of regression in laboratory animals and that it may be possible to alter the rate of progression in man.'""6
Although most of our studies were in postmortem specimens we showed the feasibility of using chemical shift imaging to study atheroma in living patients. This application is difficult and there are several factors which need careful attention. Motion artefact could be a problem and if a signal is obtained from moving blood it may produce noise on the image and either mimic or obscure areas ofatheroma.
We did not find this to be an important problem and we preferred to acquire images at end diastole, when the relatively slowly moving blood gave a high signal that aided the delineation ofthe vessel wall. A second problem is that accurate registration is important in any technique that uses subtraction of images. The patient must not move between acquisition ofthe two images of the Dixon technique, although with suitable modifications to the scanner it should be possible to interleave acquisition of the two images so that they are acquired at the same time.
Another higher field strengths. High field strength would therefore make the technique more reliable for static specimens, but it may produce more motion artefact in patients.
Magnetic resonance imaging provides a method of assessing the site, size, and shape, as well as the lipid content of atheromatous plaques. Validation in vivo is more difficult than in vitro but images were obtained. The utility of the technique in routine clinical practice remains to be established.
